Attempts were made to reduce the leakage flux by providing flux barriers [5] . Power density comparison of doubly-salient permanent magnet electrical machines is made in [6] and it is shown that FRM has higher power density in comparison with other machines in the same class. In [7] , full pitch-winding FRM (FPFRM) is proposed to further improve the power density of the machine.
In this paper, the flux-density pattern of FRM is analyzed using Fourier series approach and flux-linkage contribution of each space harmonics to the winding is evaluated. Procedure for evaluating the magnetic loading is described. Electromotive force (EMF) and torque equations are also derived.
Section II of this paper describes the design details of 6/14 pole FRM, while Section III describes the concept of fictitious "Electrical Gear" and full-pitch stator-winding arrangement. Section IV describes Fourier analysis of flux-density waveform and winding-flux linkages. EMF and torque equations of the machine are derived in Section V. Also, experimental results are compared with those obtained from finite-element method (FEM) simulation studies and analytical results in the same section. The prototype machine performance is discussed in Section VI. Finally, conclusions are drawn in Section VII.
II. THREE-PHASE 6/14 POLE FRM
The need for increased use of renewable energy is well established. Rooftop-wind-energy generation has acquired importance due to environmental concerns. Small-scale wind turbines, i.e., rooftop-wind turbines have the potential to provide electricity to domestic and commercial applications. These generators can be directly driven, thus, eliminating the gear box. Low-acoustic noise is one of the requirements of rooftop-windgeneration system. This can be achieved by reducing the cogging torque with skewing of the rotor.
Depending upon the output power, the variation in the rated speed of the rooftop-wind turbine is 140 to 500 r/min. The corresponding generator capacity is in the range of 5-1 kW. The existing machines such as permanent magnet synchronous machine (PMSM) and induction machines for aforementioned speed and power range require large number of poles and stator slots. This results in machine with large air-gap diameter. However, FRM can have large number of poles with less stator slots. FRM has higher power density than fractional-slot concentrated-winding PMSM [8] . This low-speed machine can be directly connected to wind turbine eliminating the gear box, thus, reducing the maintenance as well as weight on the tower. Hence, FRM is best suited for direct-driven-rooftop wind power generation.
0885-8969/$26.00 © 2010 IEEE The cross section of three-phase 6/14 pole FRM is shown in Fig. 1 . The 6/14 pole FRM consists of 14 salient-pole rotor and 6 salient-pole stator. Two pairs of permanent magnet are fixed on each stator pole. The frequency of the generated voltage is 50 Hz when it is driven at 214 r/min. The difference between the concentrated-stator pole-winding FRM (CSPFRM) and FPFRM is in the winding arrangement. Instead of fabricating two machines (one with concentrated stator pole-winding and other with full pitch-winding), one machine with both windings is fabricated. These windings have equal number of turns and cross sections. The voltage and current ratings of the prototype machine are given in Table I . The 6/14 pole FRM is designed as per the procedure given in [3] and the design data is given in Table II . The stator and rotor of the fabricated machine are shown in Figs. 2 and 3 , respectively. Fractional-slot concentrated-winding PMSM and FRM are suitable for low-speed applications [9] , [10] . The comparative analysis of FRM and fractional slot concentrated winding PMSM is made in [8] . The FEM analysis shows that FRM has 1.5 times higher power density than fractional slot PMSM for same physical dimensions, magnet volume, and electrical loading. It is proved that voltage regulation of compensated FRM is almost equal to fractional-slot PMSM. The output voltage of FRM is approximately 1.5 times higher than PMSM, which results in higher power density. The efficiencies of both machines are approximately same.
III. FICTITIOUS "ELECTRICAL GEAR" AND FULL-PITCH-STATOR WINDING
The flux plot of 6/14 pole FRM on no load is shown in Fig. 4 . This machine has 6 stator poles and 14 pole variable reluctance rotor. The normal component of flux density at the middle of stator pole along the periphery of the machine is shown in Fig. 5 . It can be observed that this flux-density plot is similar to that of two-pole machine. In other words, machine has two effective poles. The number of poles corresponding to the flux pattern for various FRM configurations are given in Table III .
The frequency and speed relationship for FRM [3] is given by where n is rotor speed (r/min) and n r is the number of rotor teeth or poles.
The three-phase 6/14 pole FRM has two effective poles, and hence, flux-pattern speed (n f ) is given by n f = 60f.
(
From (1) and (2) n f = nn r .
The flux-pattern speed of 6/14 pole FRM is n r times the shaft speed. In synchronous machine, speed of flux pattern is same as that of the rotor. Pictorial representations of FRM generator and equivalent permanent-magnet-synchronous generator are shown in Fig. 6 . This representation is for same speed and output frequency. Flux pattern in FRM rotating at n r times the rotor speed is represented by a fictitious step-up gear. This gear is called as "Electrical Gear." The electrical-gear ratio (K) is defined as the ratio of flux-pattern speed to rotor speed. The FRM with 6/14 pole configuration has a gear ratio of 14. The electrical-gear ratios for other FRM configurations are given in Table III [11] . It may be noted that the synchronous machine equivalent to 6/14 pole FRM should have 28 poles for same output frequency. Air-gap inductance is one of the most important parameters that determines the performance of the PM machine. In case of PMSM, the expression for air-gap inductance is given by [12] 
where, p is number of poles pairs, N s is the sine distributed turns per phase, L sk is the stack length of the machine, r g is the air gap radius, and g is the effective air-gap thickness. The air-gap inductance of FRM can be calculated by using (4). FRM with 6 stator teeth corresponds to 2 pole-stator winding and with 12 stator teeth corresponds to 4 pole stator winding. Though 6/14 pole FRM has the speed-frequency relationship of 28 poles, the stator-winding structure for inductance calculation corresponds to 2 poles. The speed-frequency relationship and inductance calculations in PMSM are based on the same number of stator and rotor poles. PMSM has same number of stator and rotor poles whereas FRM has different number of stator and rotor poles. Therefore, fictitious electrical-gear ratio is incorporated in the machine to make equal number of stator and rotor poles. With this concept, 6/14 pole FRM can be viewed as 2 pole PMSM with a gear ratio of 14.
A three-phase 6/14 pole FRM has six stator slots and two pole flux pattern, hence electrical angle per slot is 60
• . Conventional concentrated stator pole winding has a coil span of 60
• , short pitched by 120
• . Therefore, the fundamental pitch factor of the stator winding is 0.5. As electrical angle between the slots is 60
• , full-pitch winding is possible. The arrangement of fullpitch winding is shown in Fig. 1 , which results in unity pitch factor.
IV. FOURIER ANALYSIS OF FLUX-DENSITY WAVEFORM AND FLUX LINKAGES

A. FEM Simulation
The three-phase 6/14 pole FRM has two pole flux pattern. However, the flux distribution is non-sinusoidal. The Fourier analysis of flux-density waveform (see Fig. 5 ) is carried out using Flux 2-D FEM package. The space harmonic spectrum is shown in Fig. 7 , while, the values of flux-density spectrum are given in Table IV . It can be observed that the predominant space harmonics are 5th, 7th, 11th, 13th, 17th, and 23rd. The maximum value of flux linkage in the stator winding by individual flux density space harmonic [13] is given by where ϕ k is flux linkage due to kth space harmonic (Weber), B m k is flux density of kth space harmonic (Tesla), k is space harmonic number, L sk is stack length of the machine (meter), τ is pole pitch of fundamental space harmonic poles (meter), N ph is number of turns per phase, and K w is winding factor. The winding factor (K w ) for full-pitch winding is unity while it is 0.5 for concentrated winding. It remains constant for all predominant space harmonics. The values of flux linkage due to various space harmonics for full-pitch winding are determined using (5) and are shown in Fig. 7 . It is observed that though the 5th, 7th, and 11th space harmonics are comparable to the magnitudes of fundamental, their flux linkage to stator winding is varying between 5% and 15% of fundamental flux linkage. The flux linkage produced by all dominant space harmonics are additive in nature. Table IV gives the details of space harmonics and flux linkage for the full-pitch winding. (The flux linkages in concentrated winding are 50% of full-pitch winding.) The total flux linkage ϕ t in the full-pitch stator winding is given by
where k = 1, 5, 7, 11, 13, 17, and 23. The total flux linkage determined from space harmonics for full-pitch winding is 0.3548 Wb, while that obtained from FEM simulation (see Fig. 8 ) is 0.362 Wb.
B. Analytical Method
The design data of the machine is given in Table II and the dimensional details of one-stator pole are given in Fig. 9 . The number of PM pole pairs per stator pole is denoted by n pp . The ratio of the radius at the middle of the stator pole (r sm ) to air-gap radius (r g ) is represented as K geo , while α s is defined as the ratio of stator-pole arc to stator-pole pitch. The magnet width (τ pm ) is given by
where r g is air-gap radius and n s is number of stator poles. The maximum value of flux density in the stator pole (B s ) occurs when rotor pole fully aligns with PM and its value is given by (8) where, K fringe is the ratio of flux linking the stator winding to air-gap flux, B r is remnant flux density of PM (Tesla), h PM is the permanent magnet thickness (meter), g is air-gap thickness (meter), and W sp is the width of stator pole (meter). The flux density in the middle of the stator pole along the periphery of the machine is determined using (8) and is shown in Fig. 10 . This flux density is shown at an instant when four stator teeth (poles) are carrying the flux and magnets of two stator teeth (poles) are shorted by rotor poles. The flux distribution in the machine at this instant is shown in Fig. 4 . The angle β is shown in Fig. 9 and is given by
The values of various parameters required to calculate the peak value of B s for prototype machine are given in Table V . This value is found to be 0.626 T. The flux density waveform has a quarter wave odd symmetry. The magnitude of various flux density space harmonics (B m k ) is given by
for
Substituting the value of F (θ) in (10)
B s cos(kθ)dθ (13)
The predominant space harmonics are 5th, 7th, 11th, 13th, 17th, 19th, and 23rd. Each space harmonic will contribute to the flux linkage in the winding. The total flux linkage in the winding (ϕ t ) is given by
where peak value of flux density (B m t ) is given by
for k = 1, 5, 7, 11, 13, 17, 19, and 23. Flux-density space-harmonic spectrum obtained using (14) is shown in Fig. 11 . Flux linkage in the full-pitch winding due to individual flux-density space-harmonics is calculated using (5) and is given in Table VI . Results obtained from FEM simulation and analytical method are given in Table VII.
V. EMF AND TORQUE EQUATIONS OF FRM
The no-load-induced EMF of PMSM is given by [12] where B m t is peak value of air-gap flux density (Tesla), ω r is rotor speed (radians per second), r g is air-gap radius (m), N s is number of turns per phase of sine distributed winding, and p is pair of poles.
The 6/14 pole FRM can be considered as a two-pole PMSM with gear ratio (K) of 14. Hence, no-load-induced EMF of FRM is given by
If 6/14 pole FRM is compared with PMSM, it can be seen from (1) and (18) that it has speed-frequency relationship of 28 poles, however, for no-load-induced EMF, the pole structure of machine corresponds to 2 poles.
A. No-Load-Induced EMF by Analytical Method
The developed analytical method is used to calculate the noload-induced EMF of 6/14 pole FRM. The data given in Tables  II and VII is used for calculation. The value of B m t (0.2348 T) required for EMF calculation of full pitch-winding is obtained from Table VII. The no-load-induced EMF of FRM is obtained using (18). The value of N s is given by
where, N ph is number of turns per phase, K p is coil-span factor, K d is distribution factor, and K s is skew factor. CSPFRM and FPFRM have concentrated stator windings and hence, K d is unity, while K p for CSPFRM and FPFRM is 0.5 and unity, respectively. The skew factor for prototype machine is 0.8 [2] .
The no-load-induced EMF obtained from analytical method and FEM simulation for unskewed rotor is given in Table VIII . It is observed that analytical and FEM results are in close agreement.
A three-phase 6/14 pole FRM is designed and fabricated to validate the simulation results. The machine is designed with rotor skew of 4
• to reduce the cogging torque. Both windings are designed for same number of turns and cross section. The prototype FRM is driven by 1500 r/min dc shunt motor through a reduction gear box. The experimental setup is shown in Fig. 12 . The open-circuit-voltage waveforms of both windings are shown in Figs. 13 and 14 . The analytical and experimental results obtained for prototype machine with skewed rotor are Table IX . The stacking factor for prototype machine is assumed to be 0.95. It is found that the induced EMF on no load is approximately 10% less than the analytical results. This reduction in value could be due to inaccuracy involved during fabrication.
B. Torque Calculation by Analytical Method
The torque equation of PMSM based on magnetic and electrical loading [14] is given by
where A is electrical loading (A/m), B g is rms value of air-gap flux density (Tesla), and it is given by
The winding factor K w is given by
The 6/14 pole FRM can be considered as two-pole PMSM with gear ratio (K) of 14. Hence, torque equation of FRM is
Comparing (20) and (23), it is observed that the effective magnetic loading in FRM is (KB g ), while it is B g in case of PMSM. So, the effective magnetic loading of FRM is higher without the actual increase in flux density in the machine. This results in higher torque density for same electrical loading and physical dimensions. Also, FRM with full-pitch winding has higher torque density than concentrated winding as winding factor for full-pitch winding is unity. This factor for concentrated winding is 0.5. However, the iron losses in the rotor and eddy current losses in PMs of FRM are higher than those in PMSM.
The developed analytical method is used to calculate the torque of 6/14 pole FRM. The values of B m t and B g are 0.2348 and 0.166 T, respectively (see Table VII ). The electrical loading of FRM for 10 A current is 7878.16 A/m. The torque produced by this machine with concentrated winding and full-pitch winding for this value of current is 55.21 and 110.43 N·m, respectively.
FEM simulation [15] is carried out to determine the torque developed by the machine at 10 A. The variation of torque for this current is shown in Fig. 15 . The average value of torque for concentrated winding and full-pitch winding is 52.85 and 105 N·m, respectively. These values are in close agreement with analytical results. 
VI. PROTOTYPE MACHINE PERFORMANCE
The experimental voltage-regulation characteristics of 6/14 pole FRM for concentrated and full-pitch winding with resistive load are shown in Fig. 16 . The voltage regulation of FRM is poor due to high value of winding inductance. The regulation of the machine is improved with series capacitive compensation [16] . Efficiency of prototype machine is obtained by loading the machine with resistive load and is shown in Fig. 17 . Maximum efficiency of prototype machine is 81.5% for concentrated winding and 86.6% for full-pitch winding. The machine is fabricated with 0.5 mm silicon steel. The efficiency can be improved with 0.33 mm high quality silicon steel laminations. The direct-driven FRM eliminates the gear box, hence it has definitely higher efficiency compared to high speed machine with gear box.
The detailed comparative analysis of concentrated winding and full-pitch winding is reported in [16] . The end winding length is higher in full-pitch winding than the concentrated winding. The total active weight of machine for both winding configurations is compared and it is reported that active weight per kilovoltampere is less in case of full-pitch winding though the length of end winding is higher.
VII. CONCLUSION
The flux-density distribution in FRM is non-sinusoidal. Therefore, space-harmonic components are obtained using Fourier analysis. Analytical method is developed to evaluate the total flux linkage in the winding from flux-density space harmonics. The rms value of air-gap flux density is obtained from the flux-density space harmonics. Values of flux linkages, no-load-induced EMF, and torque calculated by the developed analytical method are in close agreement with FEM results. The 6/14 pole, 2.4 kVA FRM is designed and fabricated for rooftop wind-power generation. The experimental no-loadinduced EMF is in close agreement with the analytical result. From the aforementioned results, it can be concluded that the analysis of FRM is simplified and it can be considered as PMSM with inbuilt fictitious electrical gear.
